Abstract Although orthopyroxene (Opx) is present during a wide range of magmatic differentiation processes in the terrestrial and lunar mantle, its effect on melt trace element contents is not well quantified. We present results of a combined experimental and computational study of trace element partitioning between Opx and anhydrous silicate melts. Experiments were performed in air at atmospheric pressure and temperatures ranging from 1,326 to 1,420°C in the system CaO-MgO-Al 2 O 3 -SiO 2 and subsystem CaOMgO-SiO 2 . We provide experimental partition coefficients for a wide range of trace elements (large ion lithophile: Li, Be, B, K, Rb, Sr, Cs, Ba, Th, U; rare earth elements, REE: La, $ 0:058, and are all virtually independent of temperature. Cr and Co are the only compatible trace elements at the studied conditions. To elucidate charge-balancing mechanisms for incorporation of REE into Opx and to assess the possible influence of Fe on Opx-melt partitioning, we compare our experimental results with computer simulations. In these simulations, we examine major and minor trace element incorporation into the end-members enstatite (Mg 2 Si 2 O 6 ) and ferrosilite (Fe 2 Si 2 O 6 ). Calculated solution energies show that R 2? cations are more soluble in Opx than R 3? cations of similar size, consistent with experimental partitioning data. In addition, simulations show charge balancing of R 3? cations by coupled substitution with Li ? on the M1 site that is energetically favoured over coupled substitution involving Al-Si exchange on the tetrahedrally coordinated site. We derived best-fit values for ideal ionic radii r 0 , maximum partition coefficients D 0 , and apparent Young's moduli E for substitutions onto the Opx M1 and M2 sites. Experimental r 0 values for R 3? substitutions are 0.66-0.67 Å for M1 and 0.82-0.87 Å for M2. Simulations for enstatite result in r 0 = 0.71-0.73 Å for M1 and *0.79-0.87 Å for M2. Ferrosilite r 0 values are systematically larger by *0.05 Å for both M1 and M2. The latter is opposite to experimental literature data, which appear to show a slight decrease in r M2 0 in the presence of Fe. Additional systematic studies in Febearing systems are required to resolve this inconsistency and to develop predictive Opx-melt partitioning models for use in terrestrial and lunar magmatic differentiation models.
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Introduction
Orthopyroxene (Opx) is a common rock-forming silicate in the Earth's crust and upper mantle, and a major constituent of the Moon's mantle. It is a residual phase during melting and crystallisation processes including MORB generation on Earth (e.g. O'Hara 1968; Green 1971 ) and magma ocean crystallisation on the Moon (e.g. Taylor and Jakes 1974; Snyder et al. 1992; Shearer and Papike 1999) .
The effect of Opx on the trace element budget of coexisting melts is not well quantified. It is generally assumed that both Opx and olivine have little effect compared to, e.g., clinopyroxene and garnet due to their low mineral-melt partition coefficients: D values, where D, the Nernst solid-liquid partition coefficient, is defined as the concentration ratio by weight between mineral and melt, e.g. 
However, during crystallisation of the first three quarters of the lunar magma ocean, Opx and olivine were the only main crystallising phases (Snyder et al. 1992) , and therefore play a fundamental role in the trace element evolution. Published studies of Opx-melt partitioning (Barnes 1986; Colson et al. 1988; Colson and Gust 1989; Nielsen et al. 1992; Kennedy et al. 1993; Schwandt and McKay 1998; Canil 1999; Green et al. 2000; McDade et al. 2003; Adam and Green 2006; Klemme et al. 2006; Lee et al. 2007; Bédard 2007; Frei et al. 2009) show enormous variations in D values (Fig. 1 ), e.g. four orders of magnitude for Ba. Trace element partitioning between phases in equilibrium depends on pressure (P), temperature (T) and composition (x) of mineral and co-existing melt, as well as oxygen fugacity (fO 2 ) in the case of multivalent cations, and P-Tx-fO 2 variations likely explain most of the variability.
Unfortunately, with the exception of the study of Frei et al. (2009) , systematic experimental studies of Opx-melt partitioning that cover a substantial P-T-x-fO 2 range are not available. As a result, no predictive thermodynamic model is available for Opx-melt partitioning as there is for clinopyroxene (Wood and Blundy 1997) or garnet (van Westrenen and Draper 2007) , hindering quantitative petrogenetic modelling of terrestrial and lunar mantle melting and crystallisation processes.
Amongst previously published Opx-melt partitioning studies, the contributions of Adam and Green (2006) and Frei et al. (2009) are the only two using a large number of trace elements including the large ion lithophile (LILE), high field strength (HFSE) and rare earth elements (REE), and that consider the effects of the M1 and M2 structural lattice sites separately. They focus on trace element partitioning between Opx and hydrous basanitic melt (Adam and Green 2006) and anhydrous silicate melt (Frei et al. 2009 ). Here, we present a follow-up study to Frei et al. (2009) with Opx-melt partition coefficients for the LILE (Li, Be, B, K, Rb, Sr, Cs, Ba, Th and U), the REE (La, Ce, Nd, Sm, Y, Yb, Lu), the HFSE (Zr, Nb, Hf, Ta and Ti), and the transition metals (Sc, V, Cr and Co), derived from experiments performed in synthetic basaltic systems at atmospheric pressure. We combine experimental results with computer simulations to (1) elucidate incorporation mechanisms for R 3? cations Al, Cr, Sc, and REE into the Opx structure and (2) assess the possible effect of Fe on Opx-melt partition coefficients.
Methods

Experimental and analytical techniques
Experiments were performed in the system CaO-MgOAl 2 O 3 -SiO 2 (CMAS) and subsystem CaO-MgO-SiO 2 (CMS). Run conditions and starting materials were chosen according to previous experimental work by Longhi and Boudreau (1980) in CMAS and by Longhi (1987) in CMS (Table 1) to ensure the formation of ortho-enstatite (the enstatite structure that is also stable at elevated P), as opposed to proto-enstatite (which can also be stable at ambient P and elevated T). Longhi (1987) used various different compositions, we used the two labelled respectively. Starting materials were synthesised in 1 g batches by mixing high purity powdered oxides (SiO 2 , Al 2 O 3 and MgO) and CaCO 3 . After grinding, decarbonation and fusion, the resulting glass powders were doped with various amounts of Li, Be, B, K, Rb, Sr, Cs, Ba, Th, U, La, Ce, Nd, Sm, Y, Yb, Lu, Zr, Nb, Hf, Ta, Ti, Sc, V, Cr and Co using AAS standard solutions. Concentrations were chosen to ensure analytical precision of better than 10% based on ion yields and realistic count times (Hinton 1990) . After drying, denitrification, fusion and grinding under acetone, the resulting fine glass powders were used as starting material. All materials were nominally water-free.
Experiments were carried out in air using vertical quench furnaces at the Department of Earth Sciences, University of Bristol, UK. Approximately 300 mg starting material was loaded into cylindrical Pt capsules, 1.6 mm in diameter and *5 mm long and welded shut. For each experimental run, two sample capsules with different bulk compositions were suspended in the hot spot of the furnace using a Pt wire. Temperature was monitored during the experiment using a PtRh6-PtRh30 (type B) thermocouple placed adjacent to the sample capsules. After holding the samples 30°C above the run temperature for 1 h, the samples were slowly cooled to the final run temperature. After 60-96 h at the final run temperature, the capsules were quenched in water, mounted in Petropoxy resin, sectioned and polished for subsequent analysis.
Textures of experimental run products were examined by petrographic microscope (Zeiss DSM 962) and scanning electron microscope (SEM, Philips XL 40) at the German Research Centre for Geosciences (GFZ) Potsdam and the Geological Survey of Denmark and Greenland, Copenhagen (GEUS). X-ray diffraction (XRD) analysis was used to check the crystal structure of the experimentally produced Opx grains. Phase identification was performed in Copenhagen using the ThermoNoran Voyager 2.7 energy dispersive X-ray analysis system attached to the SEM. Major element chemistry of all run products was determined on carbon-coated polished mounts, using an electron microprobe analyser (EMPA), in wavelength dispersive mode at GFZ Potsdam (Cameca SX 100) and the University of Copenhagen (JEOL JXA-8200 Superprobe). In both electron microprobes, an accelerating voltage of 15 kV and beam current of 15 nA were employed. For mineral analysis, the beam diameter was 3 lm, whilst a slightly defocused beam of 5-10 lm diameter was used for silicate glass analysis. Standards used for calibration were wollastonite (Ca, Si), olivine (Mg), and spinel (Al). Raw data obtained in Potsdam and Copenhagen were reduced using the ZAF correction schemes of Pouchou and Pichoir (1985) and Bence and Albee (1968) , respectively.
Trace element concentrations were determined by secondary ion mass spectrometry (SIMS) on the Cameca IMS4f ion probe at the Department of Geology and Geophysics, University of Edinburgh, using the same polished mounts previously used for EMPA analysis. Prior to analysis, samples were cleaned ultrasonically in methanol and coated with Au to optimise surface conductivity. The primary beam was 10.69 keV O -ions, with a sample current of 6-12 nA corresponding to a spatial resolution of *30-60 lm. The secondary ion accelerating voltage was 4,500 V with an offset of 75 V and energy window of ±20 eV to reduce molecular ion transmission. The following isotopes were measured and ratioed to 30 (Colson et al. 1988; Kennedy 1993; Dunn and Sen 1994; Schwandt and McKay 1998; McDade et al. 2003; Klemme et al. 2006; Frei et al. 2009) Dick and Overhauser (1958) is used to take account of oxygen ion polarisation.
The lattice energy, U lat , is divided into a Coulombic term, corresponding to long-range electrostatic interactions between adjacent atoms and a non-Coulombic term, corresponding to short-range repulsions. Cation-oxygen non-Coulombic interactions are described by two-body Buckingham potentials, and a three-body O-Si-O bond bending term is added to improve the description of silica tetrahedra. The full set of interatomic potential and shell model parameters used is given in Table 2 . Previous studies showed the applicability of these potentials for simulation of a wide range of oxides and silicates including Opx (Purton et al. 1996 (Purton et al. , 1997a van Westrenen et al. 2000a, b; Corgne et al. 2003) .
For all substitutions, initial unrelaxed (U def(i) ) and final relaxed (U def(f) ) defect energies are calculated for homoand heterovalent substitutions on M1 and M2. Westrenen et al. 2000a ). These include a simplified description of the contribution of the removal and substitution of a trace element (J) from the melt accompanied by insertion of a major element into the melt:
In other words, our simulations assume that the local environments of major and trace elements in the melts coexisting with enstatite or ferrosilite are identical to their local environment in the corresponding binary oxides. For a detailed discussion of this approach, see van Westrenen et al. (2000a) .
Lattice strain model
Both experimental D values and computational solution energy data are interpreted using the so-called crystal lattice strain model (Blundy and Wood 1994) . The model has been applied to a large number of minerals such as clinopyroxene (Wood and Blundy 1997 ), garnet (e.g. van Westrenen et al. 1999 , 2000a , b, 2001 , titanite (Prowatke and Klemme 2005) , zoisite (Frei et al. 2003) and apatite . In addition, the lattice strain model was successfully applied to Opx-melt partitioning data by Green et al. (2000) , Adam and Green (2006) , Bédard (2007) and Frei et al. (2009) . The model is based on the observations of Onuma et al. (1968) , who showed that the behaviour of D i versus r i for series of homovalent cations is near parabolic with maxima corresponding to the size of the crystal lattice site(s) on which substitution occurs. It combines these observations with the lattice strain model of Brice (1975) , relating lattice strain energy U strain associated with the insertion of a trace element with radius r i into a site with ideal radius r 0 , to the elasticity of the site (Young's modulus, E) and the size misfit between substituent and ideal site cations (r i -r 0 ):
Assuming this crystal lattice strain energy term dominates mineral-melt partitioning energetics, Blundy and Wood (1994) 
where N A is Avogadro's number, R the gas constant, D i is the measured partition coefficient for element i, and D 0 the maximum partition coefficient for an ideally sized element. Because Opx has two similarly sized structural sites in which trace elements mainly concentrate, U strain and D
Opx-melt i
can be written as the sum of individual U strain and D values for the M1 and M2 lattice sites:
Combining Eqs. 4 and 6 gives:
Similarly combining Eqs. 5 and 7 gives:
Computational data for R 3? cations partitioning, and experimental results for R 3? and R 4? cations, were fitted to Table 2 Interatomic potential parameters, corresponding oxide lattice energies and relevant atomic radii used in this study (two-body potentials: u = A exp(-r/q) -C/r 6 with r the inter-ionic distance; threebody potentials:
2 with h the O-Si-O bond angle)
Parameters from: P, Purton et al. (1997b) ; S, Sanders et al. (1984) ; C, Catlow et al. (1982) ; La, Lb, L1 and L2, Lewis and Catlow 1985-method a, b, c1 and c2, respectively. Ionic radii are based on six fold coordination with oxygen (Shannon 1976) L* = refitted lattice energy value using the oxygen potential and charge from Lewis and Catlow (1985) cations they are calculated using the bixbyite structure Eqs. 8 and 9, respectively, using a non-linear least square Levenberg-Marquardt fitting routine (Press et al. 1992) . Experimental data fits are weighted using the error on D as weighting factor and minimising
Results
Experimental results
Orthopyroxene was identified in three of the seven experimental runs. XRD analysis confirmed the structure to be that of ortho-enstatite. The melt fraction is 0.90 at 1,390°C, 0.75 at 1,350°C and 0.60 at 1,326°C and additional phases are forsterite at 1,390 and 1,326°C and clinopyroxene at 1,326°C (Table 3 ; Fig. 2 ). Major and trace element compositions of run products are listed in (Table 4) , whilst at 1,326°C it has 0.8-1.0 wt% less MgO and 0.8 wt% more CaO. SiO 2 is constant at 59.3 ± 0.1 wt%. The melt is boninitic with SiO 2 = 56.8-60.6 wt%, MgO = 19.7-27.1 wt%, and CaO = 15.2-16.4 wt%. Both melt and enstatite contained minor amounts of Na (100-300 ppm) even though starting compositions were nominally Na-free. Trace element compositions are homogeneous for all run products (Table 4) . Melts have higher trace element concentrations than Opx, with the exception of Co at 1,350 and 1,390°C and Cr. Based on trace element concentrations of the melt and co-existing Opx, we calculated D values (Table 5) . Our data fit within the published range of partition coefficients for Opx (Fig. 1) .
For the limited temperature range of our experiments, the effect of temperature on D is negligible. Table 6 . Fitting the R ? and R 2? cations with Eq. 9 was unsuccessful due to the limited number of data points and the poorly defined individual parabolas for M1 and M2. Fits to the M1 site for the R 3? cations in the 1,350 and 1,390°C experiments need to be viewed with caution, because of the large uncertainty in the measured aluminium partition coefficient. In addition, because the distribution of Al between the Opx M1 and T sites is not known, the indicated D
M1
Al are maximum values (indicated by a downpointing arrow in Fig. 3 ). However, it is clear that D
Al \1, imposing an important constraint on these fits. Al data are, therefore, included in the fitting procedure.
The fitted values show D 
Computational results
Orthopyroxene structure
The calculated lattice parameters for pure enstatite and ferrosilite are given in Table 7 . Lattice parameters are reproduced to within 3.1% of the experimentally determined values. The bulk moduli deviate between -3.2 and 1.3% of the measured values at room conditions for enstatite and ferrosilite, respectively (Table 7 ). These differences are mainly related to our static limit (T = 0 K) simulations versus experimental values that were determined at room T. Our calculated unit cell volumes are therefore smaller.
Solution energies
Solution energies for the smallest R 2? and R 3? cations considered here, e.g. Ni 2? , Al 3? , Cr 3? and Sc 3? , are consistently lower for substitution onto the M1 site than for substitution onto the M2 site (Fig. 4) . Since lower solution energy corresponds to higher solubility this implies that the M1 site is the preferred site for these cations, whilst the M2 site is preferred by the other, larger cations. The radius at which substitutions on M1 and M2 become identical in solution energy varies with trace element charge. R 2? cations show a cross-over in site preference at 0.72 Å (enstatite) or 0.78 Å (ferrosilite), R 3? cations at 0.86-0.95 Å depending on the substitution mechanism (Table 8) .
Substitutions of R 2? have the lowest solution energies followed by heterovalent substitutions involving Li ? . The heterovalent substitutions involving Rb ? and coupled AlSi exchange clearly lead to higher solution energy values (Fig. 4) . Solution energies for Lu and La incorporation into enstatite with the aid of Mg vacancy formation are even higher (U sol(Lu) * 840 kJ/mol and U sol(La) * 815 kJ/mol) showing that this is not an efficient charge-balancing mechanism in Opx.
Minimum solution energies show double-parabolic behaviour when plotted versus ionic radius, with a kink between Sc and the REE, broadly consistent with the experiments. Fits to Eq. 8 (curves in Fig. 4 , see Table 8 for fit parameters) show a clear difference in r 0 between the M1 and M2 lattice sites. Simulations also show a difference in ionic radius between enstatite and ferrosilite substitutions, with ferrosilite substitutions systematically showing r 0 larger by *0.05 Å , for both M1 and M2, compared to enstatite substitutions. (500) 100 (100) 1,000 (200) 100 (100) --B (ppm)
451 (8) 6.3 (7) 133 (10) 1.8 (2) 1,129 (9) 16 (2) Ba (ppm) 2,578 (78) 0.10 (2) 2,911 (18) 0.122 (7) 8,630 (82) 0.38 (5) Be (ppm) 1,503 (17) 18.9 (4) 1,320 (10) 18.1 (4) 1,210 (11) 13.5 (9) Ce (ppm) 2,970 (27) 8.8 (1) 2,529 (20) 6.0 (1) 2,776 (20) 8.2 (7) Co (ppm) 61.4 (5) 68.8 (7) 60 (1) 71.3 (2) 49.9 (4) 46 (1) Cr (ppm) 246 (2) 383 (15) 110 (3) 185.1 (6) 467 (3) 690 (41) Cs (ppm) 2,443 (87) 0.05 (1) 2,384 (27) 0.063 (6) 3,629 (34) 0.11 (2) Hf (ppm) 569 (17) 23 (3) 663 (3) 26.0 (8) 643 (8) 17 (1) K (ppm) 318 (11) 1.6 (3) 227 (4) 0.49 (11) 88.6 (9) 0.42 (1) La (ppm) 3,099 (20) 1.96 (3) 3,277 (26) 2.0 (1) 3,571 (31) 1.8 (5) Li (ppm) 222 (4) 49 (4) 314 (5) 65 (2) 180 (2) 24 (2) Lu (ppm) 255 (2) 28 (1) 219 (2) 23.9 (5) 246 (3) 27 (1) Na (ppm) 300 (200) 200 (100) 200 (100) 100 (100) 100 (100) 100 (100) Nb (ppm) 632 (15) 1.48 (7) 570 (3) 1.3 (2) 698 (5) 2.3 (4) Nd (ppm) 1,411 (10) 12.5 (3) 1,242 (10) 10.4 (3) 1,183 (11) 10.0 (8) Rb (ppm) 772 (31) 0.14 (3) 352 (5) 0.138 (5) 567 (6) 0.15 (1) Sc (ppm) 69.4 (6) 34 (2) 79 (1) 37 .3 (2) 84.4 (4) 42 (4) Fitted apparent Young's moduli E values are significantly lower for R 2? (204-260 GPa) compared to R 3?
substitutions (441-564 GPa) in both enstatite and ferrosilite. This implies that the crystal structure resists deformation more and points to smaller differences in D values between large and small R 2? cations compared to large and small R 3? cations. From our simulations, there does not appear to be a correlation between Young's modulus and Fe content, consistent with the observed small difference in bulk modulus between ferrosilite and enstatite (-0.7% experimentally, 3.9% computationally, see Table 7 ).
Discussion
Comparison of the experimental results to Frei et al. (2009) When comparing our experimental results at 1 atm to the high-pressure data of Frei et al. (2009) , we find few 872 (6) 16.1 (5) 868 (7) 15.2 (6) 835 (9) 15 (1) Sr (ppm) 938 (9) 3.9 (2) 857 (6) 3.2 (2) 1,547 (32) 5.8 (5) Ta (ppm) 1,035 (28) 11 (1) 1,215 (20) 12.4 (8) 1,190 (12) 15 (2) Th (ppm) 1,000 (13) 2.2 (2) 1,010 (17) 2.0 (2) 1,035 (12) 2.7 (5) Ti (ppm) 592 (1) 35 (1) 455 (1) 25 (2) 586 (2) 33 (3) U (ppm) 794 (13) 4.364 (8) 464 (13) 2.4 (2) 948 (11) 6.3 (9) V (ppm) 636 (10) 369 (10) 304.2 (1) 190 (6) 1,219 (7) 760 (26) Y (ppm) 468 (1) 30 (1) 400 (3) 24.6 (8) 463 (2) 29 (2) Yb (ppm) 533 (2) 53 (2) 458 (4) 44 (1) 561 (7) 57 (2) Zr (ppm) 707 (7) 16.2 (4) 693 (5) 14.89 (7) 779 (5) 12 (1) In A-2 and B1, Al was present as trace element only, whilst in L87-III it was present as major element. Numbers in parentheses indicate one standard deviation of replicate analyses in terms of last significant numbers (1r): 222 (4) should be read as 222 ± 4. N is the number of analyses Contrib Mineral Petrol (2010) 159:459-473 467 differences. The most prominent difference is the compatibility of V. At atmospheric pressure, V is incompatible (D V = 0.6), whilst at high P (1.1-3.2 GPa) it is compatible (D V = 0.9-1.8). This difference is likely not a P effect, but is related to fO 2 differences between the experiments, which used simple Pt capsules as opposed to graphite-lined Pt capsules (Frei et al. 2009 ). Independently, estimating the partition coefficient for V 5? , which is the expected valence state for V in air, is difficult as there are no enough R 5? elements to predict their partitioning behaviour using lattice strain modelling. From lattice strain modelling, we can conclude however that the expected partition coefficient for V 4? in our experiments would be *0.05 (Fig. 3) , whereas the expected partition coefficients for V 2? and V 3? would be much higher (*2 and *0.9, respectively). Clearly D V is highly dependent on oxidation state.
Other differences include slightly lower compatibilities of Ti, Y, La, Yb, Lu, Cr and Co, whilst Ta, Th and U have slightly higher D values in the present study. The observed small decrease in fractionation of the HREE compared to the LREE with increasing temperature was also noted in the high-pressure experiments of Frei et al. (2009) . Frei et al. (2009) showed a decrease in compatibility of HFSE elements with increasing P-T. We do not observe a general trend across the HFSE. Similar to Frei et al. , suggesting that their effective ionic radii differ slightly, with Nb having a larger ionic radius (Tiepolo et al. 2000; Green et al. 2000; Adam and Green 2006; Frei et al. 2009 [ E M1(3?) . In addition, we find E M2(4?) [ E M2(3?) , whilst at high P it is opposite. The optimum ionic radii are 0.65-0.67 Å for r Computer simulations and implications of trace element substitution mechanisms
In our computer simulations, we studied homo-and heterovalent substitutions in the enstatite and ferrosilite end-members. Calculated solution energies (Fig. 4) show that R 2? cations are more soluble in Opx than R 3? cations of similar size, consistent with experimentally determined Opx-melt partitioning data. In addition, simulations show charge balancing of R 3? cations by coupled substitution with Li ? on the M1 site that is energetically favoured over both coupled substitution involving Al-Si exchange on the was present (e.g. Dunn and Sen 1994; Adam and Green 2006; McDade et al. 2003; Frei et al. 2009 ) generally show higher D values for R 3? cations compared to studies in which Li
? was absent (e.g. Colson et al. 1988; Schwandt and McKay 1998) . Although direct comparison needs to be viewed with caution due to the as yet unknown effects of P-T-x variations between these studies, this may indicate that Li ? substitution is indeed an important charge-balancing mechanism in Opx.
Computer simulations versus experiments
The observed kinks in the solution energy plots (Fig. 4 809 (82) 437 (63) 376 ( Table 6 ).
The lower apparent Young's moduli for substitutions of R 2? (E = 204-260 GPa) compared to R 3? (E = 441-564 GPa) in both enstatite and ferrosilite in our simulations are consistent with experiments (Figs. 3, 4) 
The effect of Fe
The computer simulations suggest an important difference in r 0 between the M1 and M2 sites of enstatite and ferrosilite, with ferrosilite having systematically larger optimum ionic radii. To investigate whether this difference is identifiable in the currently available experimental Opxmelt database, we identified three previously published Opx-melt partitioning experiments performed at nearidentical P-T conditions with differing bulk Fe contents. The first experiment is Fe-free at 1.1 GPa and 1,230°C Fig. 4 Dependence of solution energy on ionic radius. Red and blue solid lines present fits to data for the M1 and M2 sites of enstatite, respectively; dashed green and black lines present fits to data for the M1 and M2 site of ferrosilite, respectively, all using Eq. 8. Note inverted Y-axes to facilitate comparison with experimental D values (Frei et al. 2009 ) performed in a graphite-lined Pt capsule. The produced Opx contained 4.0 wt% Al 2 O 3 . The second experiment (McDade et al. 2003 , hereafter referred to as MD03) was performed at 1.3 GPa and 1,245°C in the hydrous Fe-bearing system Na 2 O-CaO-Cr 2 O 3 -FeOMgO-MnO-Al 2 O 3 -TiO 2 -SiO 2 , producing Opx with 6.28 wt% FeO and 6.88 wt% Al 2 O 3 . McDade and coworkers used a double-capsule technique buffering fO 2 to NNO ?1. The third experiment , hereafter referred to as K06) was performed at 1 GPa and 1,200°C in an anhydrous FeO-MgO-Al 2 O 3 -TiO 2 -SiO 2 system, producing Opx with 14.0 wt% FeO and 8.6 wt% Al 2 O 3 . Klemme and co-workers also used graphite-lined Pt capsules. In addition to the variation in Fe content, the differences between MD03 and K06 include the percentage of Opx Tschermakite component, the presence of water and Ca in the former and the absence in the latter.
When comparing the results of these three experiments, we focused specifically on the behaviour of the R 3? elements, because these elements provide the best constraints on r 0 values. R 3? data from all three experiments show clear double-parabolic behaviour (Fig. 5) . Ideal ionic radii, r Because increasing Opx Fe contents are accompanied by increasing Al contents in these three experiments, disentangling the effects of Fe and Al content on partitioning is difficult. The Opx-melt partitioning data of Adam and Green (2006, not shown in Fig. 5 ) provide additional insight. The Opx in the hydrous, Fe-bearing experiment performed by Adam and Green (2006) at 2.7 GPa, and 1,160°C, has comparable Al 2 O 3 content to Frei et al. (2009) In summary, Fe-bearing experimental studies thus appear to show a reduction in ideal size of the M2 site. This seems counter-intuitive since Fe 2? is larger than Mg 2? , but the same trend was previously observed in REE Numbers in parentheses indicate one standard deviation of replicate analyses in terms of last significant numbers (1r): 0.22 (2) should be read as 0.22 ± 0.02 Fig. 5 Comparison of Opx-melt partition coefficient data in the Fefree system (Frei et al. 2009 ) with two Fe-bearing studies (McDade et al. 2003; Klemme et al. 2006 ) under similar conditions. Coloured lines show fits of the data to Eq. 9. Fitted curves for the M2 site are shown in grey. Because the distribution of Al between the Opx M1 and T sites is unknown, the indicated D
M1
Al is a maximum value partitioning between garnet and melt as a function of garnet Fe content (van Westrenen et al. 2000b ). To fully understand the role of Fe in the partitioning behaviour of Opx, it is important that systematic experiments are done in the NCFMAS system and NFMAS subsystems. These will help quantify variations in effective ionic radii as a function of iron content, and will be a key step towards deriving Opx-melt partition coefficients applicable to models of terrestrial and lunar magmatic processes.
Conclusions
Our main conclusions from integrating the experimental results, computer simulations and previous data on Opx partitioning are as follows:
• The general partitioning behaviour of Opx appears largely unaffected by P. There are only minor differences between the current experimental data and the high P-T data of Frei et al. (2009 with the latter being the larger site, reflected both in experiments and simulations. The Opx M site should hence not be considered as a single site in Opx-melt partitioning models.
• Computer simulations suggest that the presence of Fe increases the size of r 
